sensors that release serotonin (5-HT) in response to hypoxia. Direct evidence that NEB cells also respond to airway hypercapnia/acidosis (CO 2/H ϩ ) is presently lacking. We tested the effects of CO2/H ϩ alone or in combination with hypoxia on 5-HT release from intact NEB cells in a neonatal hamster lung slice model. For the detection of 5-HT release we used carbon fiber amperometry. Fluorescence Ca 2ϩ imaging method was used to assess CO 2/H ϩ -evoked changes in intracellular Ca 2ϩ . Exposure to 10 and 20% CO2 or pH 6.8 -7.2 evoked significant release of 5-HT with a distinct rise in intracellular Ca 2ϩ in hamster NEBs. This secretory response was dependent on the voltagegated entry of extracellular Ca 2ϩ . Moreover, the combined effects of hypercapnia and hypoxia were additive. Critically, an inhibitor of carbonic anhydrase (CA), acetazolamide, suppressed CO 2/H ϩ -mediated 5-HT release. The expression of mRNAs for various CA isotypes, including CAII, was identified in NEB cells from human lung, and protein expression was confirmed by immunohistochemistry using a specific anti-CAII antibody on sections of human and hamster lung. Taken together our findings provide strong evidence for CO 2/H ϩ sensing by NEB cells and support their role as polymodal airway sensors with as yet to be defined functions under normal and disease conditions. chemosensing; serotonin AIRWAY EPITHELIUM OF HUMAN and animal lungs contains innervated clusters of amine (serotonin, 5-HT) and peptide-producing cells referred to as neuroepithelial bodies or NEBs (7, 20, 34) . NEBs are numerous in fetal/neonatal lungs, and their density decreases with postnatal lung growth, suggesting important function during perinatal adaptation to air breathing (3). Although the precise function of NEB remains to be determined, a number of studies suggest that they function as airway O 2 sensors (5, 36). Recent cellular and molecular studies of native NEB cells and related tumor cell lines have identified a membrane-delimited O 2 -sensing molecular complex (O 2 sensor) composed of an O 2 -sensing protein (multicomponent NADPH oxidase) coupled to an O 2 -sensitive K ϩ channel (6, 25, 26, 35 channels with influx of extracellular Ca 2ϩ triggering exocytosis and release of 5-HT and peptide mediators. These neurochemicals may act locally on surrounding lung tissues or as neurotransmitters via complex NEB innervation transmitting stimuli to the brain stem (16). NEBs exhibit many features similar to the carotid body (CB) glomus cells, the well-characterized polymodal arterial chemoreceptors monitoring changes in partial pressure of O 2 /CO 2 and pH in the blood (14) . Because the CB, the principal arterial chemoreceptors, are immature at birth, it has been suggested that during the perinatal period NEBs could serve a function analogous to the CB.
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Although earlier studies by Lauweryns et al. (18) suggested that NEBs in neonatal rabbit lungs are sensitive to hypoxia and hypercapnia, these findings could not be replicated in subsequent studies (19) . Other investigators have found that hypercapnia/acidosis had significant effects on the secretory response of NEB cells and on proliferation of the NEB cellderived tumor cell line. Ebina . We also report expression of mRNAs for several CA isozymes, particularly CAII, in extracts of NEB cells isolated from human lung by laser capture microdissection. Using immunohistochemistry, we demonstrate the expression of CAII at the protein level in NEB cells of both human and hamster lung. Taken together our studies show that NEB cells belong to a specialized group of excitable cells representing polymodal airway sensors monitoring the gas concentration (pO 2 /CO 2 /pH) in the airway lumen.
METHODS
Ethical approval. All experiments were approved by our institution's Animal Care Committee in accordance with regulations set by the Canadian Council on Animal Care. Briefly, pregnant Syrian Golden hamsters were housed in an animal facility under a 12:12-h light-dark cycle and given ad libitum access to food and water. Postnatal day 1-5 pups were killed by cervical dislocation.
Fresh lung slice model. We have previously used a rabbit lung slice preparation to measure hypoxia-evoked exocytosis of 5-HT from NEBs in situ (7). This technique was adapted for neonatal hamster lungs to study CO 2/H ϩ -induced secretory responses of native NEB cells. NEBs were identified by neutral red staining as previously described (12, 13) . Briefly, lungs were filled and embedded with 2% low-melt agarose (Sigma) at 37°C and quickly chilled on ice. Lungs were placed on the stage of a vibratome (Leica), and 200-M-thick slices were cut.
Carbon fiber amperometry. Amperometric measurement of 5-HT secretion from NEB cells from lung slices was done as described elsewhere (13) . Briefly, the tissue slices were placed on the stage of an inverted microscope (Optiphot-2UD; Nikon, Tokyo, Japan) and perfused under gravity at ϳ2 ml/min. A carbon fiber electrode (ProCFE; Dagan) was polarized to ϩ800 mV and placed near the cell membrane of the cell of interest. Currents were recorded with an Axopatch 200B amplifier using a Digidata 1440A (Axon Instruments) and recorded using pClamp 10. Quantal events were detected as transient positivegoing current spikes with exponential decays. Data are expressed as secretion rate, which is the product of quantal charge (which is proportional to the number of molecules oxidized) and the frequency of quantal events.
Fluorescent Ca 2ϩ imaging. Hamster lung slices were stained with FM4-64FX for 5 min in a solution containing 75 mM K ϩ and then incubated with 1 M Oregon Green Bapta-2 AM for 1 h at 37°C in oxygenated (95% O2-5% CO2) bicarbonate-buffered saline (BBS). Slices were fixed to a dish using a slice anchor and placed on the stage of a Quorum Spinning Disk Confocal System consisting of a Leica DMIRE2 inverted fluorescence microscope equipped with a Hamamatsu C9100-12 back-thinned EM-CCD camera and a Yokogawa CSU 10 spinning-disk scan head. NEBs were visualized with excitation at 491 nm laser light and emission monitored at 670 Ϯ 40 nm. Oregon Green Bapta 2-AM was excited at 491 nm and emission monitored at 515 Ϯ 20 nm. Data were acquired using Perkin Elmer Volocity software and analyzed offline using ImageJ software.
Laser-capture microdissection of NEB cells and RNA extraction. The methods used for laser-capture microdissection (LCM) of NEBs from human lung tissue were similar to those published previously (7) . As a source of human NEBs, normal areas of a lung resected for a congenital lung lesion from a 3-mo-old male infant as well as normal airway epithelium from lung biopsy tissues from a 1-yr-old male and a 13-yr-old female patient were used. The indication for lung biopsies was to rule out pulmonary vascular disease. These samples were used with Research Ethics Board approval. The lung tissues were embedded in optimal cutting temperature compound and frozen in liquid nitrogen. Frozen sections (8 m) were cut on a cryostat. The NEBs were identified by immunofluorescence labeling using antibody RT-PCR. First-strand cDNA was synthesized with DNase I-treated total RNA as template using the iScript Select cDNA Synthesis Kit (Bio-Rad, Hercules, CA). The cDNA was then PCR amplified using Taq DNA polymerase (Invitrogen). PCR primers and the expected amplicon sizes are listed in Table 1 .
Immunofluorescence localization of CAII. Immunofluorescence localization of CAII was performed on frozen sections of neonatal hamster lungs (n ϭ 3) as well as human infant and child lungs (n ϭ 3) from the same cases as used for LCM, according to previously published methods (7) . Briefly, cryostat sections were cut at 12 m under low working temperature (Ϫ20°C), and the sections were immediately transferred to a dish containing zinc formalin fixative at room temperature. Immunofluorescence labeling was performed on sections permeabilized with 0.05% Triton X-100 in 1ϫ PBS for 5 min, and the sections were incubated with 10% normal donkey serum in 4% BSA plus avidin/biotin blocking solution for 60 min at room temperature. Double immunolabeling was performed using mouse monoclonal antibody against SV2 (general neuroendocrine marker for NEB cells) and goat polyclonal antibody against CAII (Santa Cruz) at 4°C. The signal for SV2 immunolabeling was enhanced by the avidin-biotin-Texas red complex system, and CAII signal was visualized using FITC-conjugated donkey anti-goat IgG secondary antibody. Photographs of fluorescent images, on double-immunostained (FITC-Texas red) sections, were obtained using a Leica confocal laser-scanning microscope (model TCS-SPE) and LAS-AF software and image processing with Photoshop SC software.
Solutions. Slices were perfused with various BBS (Table 2) bubbled with different gas mixtures as indicated. Control saline (isohydric normocapnia) was bubbled with 5% CO 2-balanced air. Acidic isocapnic solutions were created by bubbling with 5% CO2-balanced air and adjusting NaHCO3. Isohydric hypercapnic solutions were made by bubbling solutions with 10 -20% CO2-balanced air and adjusting NaHCO3 to maintain pH. Osmolarity was kept constant by isomolar substitution with NaCl. Hypoxic solutions were bubbled with 5% CO2-95% N2.
Analysis and statistics. Data are presented as means Ϯ SE. ANOVA was used for multiple comparisons followed by Tukey 
RESULTS

Effects of CO 2 /H
ϩ on 5-HT release and intracellular Ca 2ϩ in neonatal hamster NEB in situ using the lung slice model. We studied 5-HT exocytosis using our previously established neo- natal lung slice technique. As shown in Fig. 1A changing the perfusion solution from control (isohydric, pH 7.4, normocapnic, 5% CO 2 ) to an isohydric hypercapnic (pH 7.4, CO 2 ϭ 10 or 20%) solution produced a secretory response indicated as an increase in the frequency of amperometric positive-going spikes. This response was dose dependent, with 20% CO 2 evoking a 1.5-fold greater increase than 10% CO 2 in secretion rate (n ϭ 6 NEBs; ANOVA) (Fig. 1B) . Similarly isocapnic acidity (pH 7.1 or 6.8) evoked an increase in the secretory response from NEBs ( Fig. 1C) and was ϳ1.25-fold greater in response to pH 6.8 relative to pH 7.1 (n ϭ 6 NEBs; ANOVA) (Fig. 1D) . Because acidity and hypercapnia often occur simultaneously, we tested the combined effects of these stimuli. As shown in Fig. 1E isocapnic acidity, isohydric hypercapnia, and acidic hypercapnia provoked 5-HT secretion from hamster NEBs (n ϭ 8 NEBs; ANOVA). Indeed, the combination of acidity and hypercapnia produced an approximately twofold greater secretory response vs. either stimulus alone, indicating an additive effect of these chemostimuli on 5-HT secretion. Given the above evidence, and our previous findings that hypoxia evokes 5-HT secretion from NEBs, we tested the effects of combined hypoxia and acid hypercapnia on 5-HT exocytosis. As shown in Fig. 2 , acid hypercapnia (20% CO 2 /pH 6.8), hypoxia (PO 2 ϳ30 mmHg), and the combination of both stimuli elicited 5-HT secretion from hamster NEBs. When NEB cells were exposed to the combined stimuli, 5-HT secretion was approximately three times greater compared with hypoxia alone, and approximately twofold greater compared with acid hypercapnia alone ( Because CO 2 /H ϩ sensing in various chemosensory cell types, such as the CB glomus cells and adrenomedullary chromaffin cells, is mediated by CA activity, we probed the involvement of CA in NEB cell chemoresponses. As shown in Fig. 3A the broad-spectrum CA inhibitor acetazolamide (ACZ, 10 M) reversibly suppressed CO 2 sensing (n ϭ 6 NEBs; ANOVA). Indeed, chemoresponses were reduced by ϳ97%, which is not significantly different from the basal control level (Fig. 3B) . Furthermore, ACZ blunted the secretory response to isocapnic acidosis (Fig. 3C) . However, this blockade was only partial, reducing the secretory response by ϳ60% (Fig. 3D ) (n ϭ 6 NEBs; ANOVA). Because exocytosis usually depends on a rise in intracellular Ca 2ϩ , we examined the role of voltage-gated Ca 2ϩ channels in the CO 2 /H ϩ -evoked response. The broad-spectrum voltagegated Ca 2ϩ channel blocker Ni 2ϩ (2 mM) reversibly suppressed CO 2 -evoked 5-HT secretion (Fig. 4A) . Indeed, Ni 2ϩ reduced CO 2 -evoked 5-HT secretion by 89% (Fig. 4B ) (n ϭ 6 NEBs; ANOVA). Additionally, Ni 2ϩ (2 mM) reversibly blunted acid-evoked secretion (Fig. 4C) by ϳ85% (n ϭ 6 NEBs; ANOVA) (Fig. 4D) . Thus, acid-and hypercapniaevoked 5-HT secretion depends on the opening of voltagegated Ca 2ϩ channels. Next, we tested the effects the L-type voltage-gated Ca 2ϩ channel blocker nifedipine (10 M) on acid-and hypercapnia-evoked secretion. Exposure to nifedipine (10 M) reversibly suppressed CO 2 -evoked 5-HT release (Fig. 4E ) by ϳ92% (n ϭ 6 NEBs; ANOVA) (Fig. 4F) . As well, nifedipine reversibly blocked acid-evoked 5-HT secretion (Fig.  4G ) by roughly 92% (n ϭ 6 NEBs; ANOVA) (Fig. 4H) . These findings suggest that acid-and hypercapnia-evoked 5-HT secretion requires the opening of voltage-gated L-type Ca 2ϩ channels and a concomitant rise in intracellular Ca 2ϩ . Therefore, we assessed changes in intracellular Ca 2ϩ using time-lapse confocal imaging of NEBs in neonatal hamster slices. To visualize NEB in live lung slices, we used FM4-64FX, a fluorescent dye that is taken up by exocytotic vesicles, including those in NEB cells. Furthermore, by measuring changes in FM4-64FX fluorescence, we could simultaneously measure changes in intracellular Ca 2ϩ and exocytosis (as measured by a decrease in FM4-64FX fluorescence). As shown in Fig. 5A , switching from a control normocapnic solution to isohydric hypercapnic solution resulted in an increase in normalized fluorescence intensity of Oregon Green in 50% of cells tested (6/12 cells). In all cases, the normalized fluorescence intensity of Oregon Green was greater at 20% CO 2 vs. 10% CO 2 , suggesting a dose-dependent increase in intracellular Ca 2ϩ . Furthermore, Fig. 5C shows a decrease in the intensity of FM4-64FX fluorescence in the same cell as in Fig. 5A . It should be noted that the decrease in fluorescence intensity occurred in sync with the increase in intracellular Ca 2ϩ . Next, we tested the effects of isocapnic acidosis on intracellular Ca 2ϩ responses. As shown in Fig. 5B , there was an increase in fluorescence associated with a switch to isocapnic acidity. This increase in normalized Oregon Green fluorescence was found in almost 50% of cells tested (6/14 cells). In addition, the fluorescence intensity was greater in response to pH 6.8 vs. pH 7.1. Furthermore, a decrease in FM4-64FX fluorescence was associated with a rise in intracellular Ca 2ϩ , confirming that the exocytosis was occurring at the same time (Fig. 5D) .
CA mRNA and protein expression in human and hamster NEB. Because the above amperometry evidence suggests that CA enzymes are involved in acid-and hypercapnia-evoked 5-HT secretion, we probed for CA mRNA and protein expression in human NEBs. Extracts of native NEBs obtained by LCM from three human infant and child lungs revealed distinct profile of mRNAs for various CA isoforms, including CAII, -VB, -VI, -VIII, -XII, and -XIV (Fig. 6) . The adjacent airway epithelium composed of nonneuroendocrine cells lacked CAII expression and expressed CA isoforms IV, VB, X, and XIV. (Fig. 6) .
The expression of CAII in NEB cells at a protein level was confirmed by dual immunofluorescence labeling using specific antibodies against CAII and SV2 used as a general neuroendocrine marker to visualize NEB cells (Fig. 7) . Human (Fig. 7B) and hamster (Fig. 7E) NEBs were identified by SV2-positive immunostaining in the airway epithelium. Antibodies against CAII produced strong specific positive immunostaining localized to the cytoplasm of human (Fig. 7A) and hamster (Fig. 7D ) NEB cells and in adjacent Clara-like cells that form an NEB cell niche (9) . The identity of CAIIpositive NEB cells was confirmed in a merged image combining CAII and SV2 immunostaining in human (Fig. 7C) and hamster (Fig. 7F) NEBs.
DISCUSSION
Collectively, our findings support the notion that NEB cells, by analogy to CB glomus cells, are polymodal airway chemosensors that respond to hypoxia as well as CO 2 /H ϩ stimuli (14) . We provide several lines of evidence in support of this hypothesis. First, using our fresh neonatal hamster lung slice model, we demonstrate that intact NEB cells in situ release 1 and 2) using a mixture of forward and reverse primers for all 14 CA isozymes. RT-PCR for cytokeratin 18 (KRT18) was run separately. Composite figure shows both NEB cells and airway epithelium express mRNA for KRT18. NEB cells (lane 1) express mRNA for CAII, -Vb, -VI, -VIII, -XII, and -XIV. In contrast, airway epithelium (lane 2) lacks expression of mRNA for CAII but expresses mRNAs for CAX and -XIV. While expression of mRNA for tryptophane hydroxylase 1 is present in extracts of NEB cells, in keeping with their neuroendocrine phenotype, it is absent in extracts from airway epithelium, confirming the purity of the cell preparation (i.e., there is no contamination by NEB cells). CAs are zinc-containing metalloenzymes that catalyze the reversible hydration of CO 2 in the reaction "CO 2 ϩ H 2 O ↔ HCO 3 Ϫ ϩ H ϩ " and participate in various biological processes, including CO 2 transport, regulation of pH, ureagenesis, gluconeogenesis, and bone resorption (31) . To date, up to 15 CA isozymes have been identified and are divided into three distinct classes (␣, ␤, ␥) that evolved independently and have no sequence homology (11, 30) . Our gene-profiling studies of NEB cells microdissected from neonatal human lung revealed expression of mRNAs for several CA isozymes, including CAII, -VB, -VI, -VIII, -XII, and -XIV. In contrast, samples of airway epithelium distant from NEB cells lacked expression of CAII and expressed CA isoforms IV, VB, X, and XIV. The expression of CAII in NEB cells at the protein level was confirmed by immunohistochemistry showing localization of CAII in the cytoplasm of NEB cells of both human and hamster lung. The expression of CAII has been reported in different central and peripheral chemosensory cells, including central chemosensory neurons, CB glomus cells, and neonatal adrenal chromaffin cells (ACC) (17, 23, 24) . It is of interest to note that ACC in the neonatal rat are CO 2 sensitive and express CAI and CAII; however, in the adults they are no longer responsive to changes in CO 2 because of the loss of CA expression. Whether similar age-related changes occur in NEB cells remains to be investigated.
While CO 2 reactions occur in all cell types of the body, in excitable cells the downstream effects are more significant since a change in ambient CO 2 /H ϩ concentration is signaled and transmitted via neural connections to affect respiratory control and body homeostasis. The precise mechanisms of CO 2 /H ϩ chemotransduction in chemosensory cells are not fully understood. The transduction of acid/CO 2 stimuli affecting respiration occurs predominantly via CB glomus cells and central chemoreceptors identified in different brain regions (17, 24, 27 (2, 33) . The expression of TASK ion channels in human NEB cells and related tumor cell lines (H-146, H727) has been recently reported, but their precise function in these cells is at present unknown (8) . If CA is inhibited by ACZ, the response to a sudden increase in pCO 2 is slowed (17) . It is at present unknown if similar mechanisms are involved in CO 2 /H ϩ chemotransduction in pulmonary NEBs, and further studies are clearly indicated.
The potential role and significance of hypercapnia/acidosis sensing by NEB cells in the pathobiology of pulmonary disease(s) may be relevant to disorders of infancy as well as those in adults. For example, during the perinatal period, NEB dysfunction has been linked to sudden infant death syndrome, characterized by marked NEB cell hyperplasia and unsafe sleep position that can lead to hypoxia/hypercapnia exposure. Additional perinatal pulmonary disorders, such as bronchopulmonary dysplasia seen in premature infants and neuroendocrine hyperplasia of infancy occurring in term infants, are both characterized by significant NEB cell hyperplasia, hypoxia, and tachypnea, but the mechanisms are unknown (4). In the adult, NEB cell-derived lung tumors (SCLC, carcinoids) expressing both hypoxia and hypercapnia/acidosis sensing properties could play an important role in oncogenesis as well as in biological behavior of these lung tumors. It has previously been established that CO 2 is mitogenic in several lung tumor lines and is believed to be a driver of tumor growth (29) . Interestingly, this growth seems to be driven by 5-HT released from tumor cells. We have shown recently that inhibition of CAII in lung carcinoid cell line H727 cells maintained in vitro and in a xenograft model suppresses tumor cell proliferation and causes significant reduction in tumor mass, indicating a potential therapeutic target (22, 37) . This suggests that elucidating further components of the CO 2 and acid-sensing pathways may prompt the discovery of further potential therapeutic targets in the treatment of lung cancers.
Finally, it is of interest to note that, while the most dramatic changes in CO 2 concentration in the body take place in the alveoli, where gas exchange predominates, past investigations have failed to identify CO 2 receptors in the mammalian lungs (17) . Instead, CO 2 /H ϩ receptors were found in lungs of birds and amphibians (15, 28) . Here intrapulmonary chemoreceptors, consisting of "naked" nerve endings that are sensitive to CO 2 /H ϩ and have cell bodies in the nodose ganglia, have been described by Peterson and Fedde (28) . Therefore, it is conceivable that vagally innervated NEBs with nerve cell bodies residing in the nodose ganglion (1, 33) are the "missing" pulmonary CO 2 /H ϩ receptors that signal to the brain stem. Clearly, further studies are required to explore the mechanisms of acidity/CO 2 sensing in NEBs, as well as to examine the possible interactions and coordination with O 2 -sensing function. Such studies are necessary to define the precise physiological function of NEB in the lung and their role in various pulmonary disorders. 
